Abstract The Southern Hemisphere ADditional OZonesonde (SHADOZ) network was assembled to validate a new generation of ozone-monitoring satellites and to better characterize the vertical structure of tropical ozone in the troposphere and stratosphere. Beginning with nine stations in 1998, more than 7,000 ozone and P-T-U profiles are available from 14 SHADOZ sites that have operated continuously for at least a decade. We analyze ozone profiles from the recently reprocessed SHADOZ data set that is based on adjustments for inconsistencies caused by varying ozonesonde instruments and operating techniques. First, sonde-derived total ozone column amounts are compared to the overpasses from the Earth Probe/Total Ozone Mapping Spectrometer, Ozone Monitoring Instrument, and Ozone Mapping and Profiler Suite satellites that cover 1998-2016. Second, characteristics of the stratospheric and tropospheric columns are examined along with ozone structure in the tropical tropopause layer (TTL). We find that (1) relative to our earlier evaluations of SHADOZ data, in 2003SHADOZ data, in , 2007SHADOZ data, in , and 2012, sonde-satellite total ozone column offsets at 12 stations are 2% or less, a significant improvement; (2) as in prior studies, the 10 tropical SHADOZ stations, defined as within ±19°latitude, display statistically uniform stratospheric column ozone, 229 ± 3.9 DU (Dobson units), and a tropospheric zonal wave-one pattern with a 14 DU mean amplitude; (3) the TTL ozone column, which is also zonally uniform, masks complex vertical structure, and this argues against using satellites for lower stratospheric ozone trends; and (4) reprocessing has led to more uniform stratospheric column amounts across sites and reduced bias in stratospheric profiles. As a consequence, the uncertainty in total column ozone now averages 5%.
1. Introduction
Design and Features of the SHADOZ Network
The Southern Hemisphere ADditional OZonesonde network (SHADOZ; refer also to Notation below) was initiated in 1998 as an international partnership with both technological and scientific goals that required augmenting the number of tropical ozone soundings in the troposphere and stratosphere Thompson, Witte, McPeters, et al., 2003; . The ozonesonde data are collected from electrochemical concentration cell (ECC)-type (Komhyr, 1969) sensors launched with a standard radiosonde. Details of ozonesonde-radiosonde pairings used at SHADOZ stations are given in the archival papers , hereafter referred to as T12; Thompson, Witte, McPeters, et al., 2003 , hereafter referred to as T03; Thompson et al., 2007 , hereafter referred to as T07) and in the companion paper to this one (Witte et al., 2017 , referred to hereafter as Witte17a).
The original spatial coverage of SHADOZ was determined by two requirements: (1) that the network consist of existing stations; and (2) full zonal coverage to resolve an equatorial "wave-one" feature observed in satellite total ozone (Fishman & Larsen, 1987; Kim et al., 1996; Shiotani, 1992; Thompson et al., 2000; T03; Sauvage et al., 2006) . At the initiation of SHADOZ in 1998 there were nine stations meeting these criteria, all in the Southern Hemisphere, hence the name of the network (T03). Stations north of the equator joined SHADOZ as follows: Kuala Lumpur (in 1999; Yonemura et al., 2002) ; Paramaribo (in 1999; Fortuin et al., 2007; Peters et al., 2004); Costa Rica (in 2005; Selkirk et al., 2010) ; Cotonou (operated 2004 Cotonou (operated -2007 Thouret et al., 2009) ; Hanoi, where soundings began in 2004 (Ogino et al., 2013) . Hilo, Hawaii, with a record extending back to the 1980s, joined SHADOZ in 2009. The 14 stations that have operated at least a decade during SHADOZ and that are covered in this paper appear in Figure 1 . More than 7,000 sets of ozone and pressure-temperature-humidity (PTU) profiles from a total of 17 stations that have been part of SHADOZ are available at the website <https://tropo.gsfc.nasa.gov/shadoz>.
For the first 10-15 years of SHADOZ the data were used principally in three ways. First the profiles were used to create climatologies for satellite algorithms (Labow et al., 2015; McPeters & Labow, 2012; McPeters et al., 2007) , to evaluate chemical transport models (Kaminski et al., 2008; Martin et al., 2002; Stevenson et al., 2006) and as a reference for coupled chemistry-climate models (Eyring et al., 2005) in intercomparison exercises that support UNEP/WMO Ozone (World Meteorological Organization (WMO), 2007 and the Intergovernmental Panel for Climate Change (IPCC) 2007 Assessment. Statistical approaches have been used to create more geographically coherent climatologies (T12; G. J. Liu, Tarasick, et al., 2010 Tilmes et al., 2012) . Self-organizing maps of sondes, in particular, capture meteorological and chemical impacts on profile structure (Jensen, et al., 2012; Stauffer, et al., 2016) .
Second, ozone structure near the tropopause has been studied, in the so-called "tropopause transition layer" or "tropical tropopause layer" (TTL; Folkins et al., 2002; Takashima & Shiotani, 2007) , with ozone-water vapor relationships captured in the relatively high-accuracy hygrometer data for H 2 O (Fujiwara et al., 2001; Vömel et al., 2002) . Signatures of convection, waves, and climate oscillations (El Niño-Southern Oscillation (ENSO) and quasi-biennial oscillation (QBO)) dominate ozone interannual variability in the free troposphere (FT) and lower stratosphere (LS). Selkirk et al. (2010) and Thompson et al. (2010) Table 1 . Technical details of the reprocessing appear in Witte17a and Sterling17. Details for SHADOZ sondes used at each site during 1998-2004, the Earth-Probe/TOMS period, appear in Thompson, Witte, McPeters, et al. (2003) and Thompson et al. (2007) .
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Oceans, profiles with the lowest mean tropospheric ozone mixing ratio display an S shape year-round (T12). This is presumably a combination of the regional subsidence along with convection in some months (Figure 4 in Jensen et al., 2012; Figures 4 and 8 in T12) . In Thompson, Allen, et al. (2011) gravity waves were identified through ozone laminae within the upper troposphere (UT) and TTL. A gravity wave index constructed for 12 SHADOZ stations captured responses to ENSO episodes.
Third, satellites use SHADOZ profiles for validation of tropospheric and/or stratospheric data (e.g., Aura validation; Special Issue of Journal of Geophysical Research, 2007 Research, -2008 and newer sensors like Ozone Mapping and Profiler Suite (OMPS) on Suomi-NPP (National Polar-Orbiting Partnership), Infrared Atmospheric Sounder Instrument (IASI), and Global Ozone Monitoring Experiment-2 (GOME-2) (Figure 2 ). SHADOZ data have also been used to derive ozone trends (Heue et al., 2016) . In Randel and Thompson (2011 ) a composite SAGE II and SHADOZ data set (1984 for ozone over eight equatorial stations defined a lower stratosphere (LS) trend of À2 to À4%/decade. Two subtropical sounding stations with data prior to the start of SHADOZ, Irene and La Réunion, displayed large positive trends in FT ozone, not in summer or spring, when biomass fires are widespread, but in winter . In Gebhardt et al. (2014) , combined Scanning Imaging Absorption SpectroMeter for Atmospheric ChartographY (SCIAMACHY) and SHADOZ data for 2002 to 2012 show flat to slightly increasing ozone in the equatorial LS. Hubert et al. (2016) employed sonde profiles to evaluate satellite drift over the past 10-15 years. To date, it appears that most operational satellites (14 limb sounders were evaluated by Hubert et al., 2016) are quite stable in the lower and middle stratosphere. To be used as references for satellite drift evaluation, the sonde precision needs to be 3-5%, somewhat better than the level achieved in the past 10-15 years.
Quality Assurance: Technological Aspects of SHADOZ
An essential technological goal of SHADOZ is to adopt, when appropriate, recommendations for sonde technique and data processing when researchers have used laboratory and field test results to produce consensus-based recommendations for data handling. The beginning of SHADOZ coincided with a series of JOSIE (Jülich [Germany] Ozonesonde Intercomparison Experiments) in test chambers (Smit & Kley, 1998; Smit & Straeter, 2004) , as well as laboratory studies elsewhere . ECC ozonesonde manufacturers modify materials from time to time (Komhyr, 1986; Komhyr et al., 1995) , and several variations of the potassium iodide sensing solution that reacts with ozone molecules are widely used (Witte17a). Furthermore, the motor-driven Teflon piston pump that draws air into the cells of the ECC instrument drops in efficiency as the sonde ascends into the stratosphere. Several groups have employed different formulae to correct for this effect, in a "pump efficiency correction factor" or PCF. Thus, different combinations of instrument manufacturer, sensing solution type (SST), and PCF can lead to divergent values of ozone partial pressure. These variations prompted the World Meteorological Organization (WMO) to support the formation of the World Ozonesonde Calibration Chamber System (Smit & Kley, 1998) in Jülich and, starting in 1996, to sponsor the JOSIE series of chamber tests. In JOSIE experiments to date, different types of sondes, not all of them ECC, measured ozone introduced into the chamber at changing temperatures and pressures that simulate a balloon ascent to 10 hPa. A UV photometer (Proffitt & McLaughlin, 1983) supplies the reference ozone measurement to which the sonde reading is compared.
The JOSIE-2000 campaign accommodated SHADOZ by testing combinations of instrument type and SST in chamber simulations that followed the temperature and typical ozone trace of a tropical sounding. Clear biases from differences in the instrument manufacturer (there are basically two ECC hardware types) and SST were apparent. In 2004 the Balloon Experiment on Standards for Ozone Sondes (BESOS) field campaign, conducted in Wyoming, USA, with a standard UV photometer and a gondola of 18 ozonesondes on a large balloon, displayed similar biases among sonde types (Deshler et al., 2008) . These intercomparison activities led to recommendations of certain ozonesonde instrument-SST combinations for more consistent sonde results and served as the basis for WMO/GAW (Global Atmospheric Watch) from the sondes and colocated ground-based instruments and total ozone satellite instruments (T12; T07) relative to the first comparisons in T03. JOSIE and related activities have reduced the total uncertainty of the sonde measurement from 15-20% to 5-10% (WMO, 2007 (WMO, , 2011 . Nonetheless, SHADOZ total ozone column amounts referenced to satellite (Total Ozone Mapping Spectrometer (TOMS) or Ozone Monitoring Instrument (OMI)) columns as well as stratospheric ozone columns from the sondes indicated station-to-station biases (T12; T07). Some of the biases followed discrepancies associated with variations in SST and instrument that were identified in JOSIE and BESOS.
Ozonesonde Reprocessing: Goals of This Study
Since 2010, workshops of the SI2N (SPARC-IO3C-IGACO-NDACC) activity and a series of Ozonesonde Experts Meetings have led to recommendations on how to reprocess soundings to compensate for the range of instrument type, SST, and various choices of background current and PCF (Smit & ASOPOS, 2012 ). An important element of reprocessing data from different SST and ozonesonde instruments is to homogenize data with a "transfer function." Deshler et al. (2017) supply transfer functions for the major combinations of instrument type and SST. At present six to eight providers of ozonesonde data, representing~30 stations globally, have adopted the guidelines. Papers describing the reprocessing of Canadian network data (Tarasick et al., 2016) and two European records (van Malderen et al., 2016) have appeared. In the past 2 years we have been reprocessing the SHADOZ profiles for 14 stations that have records of at least 10 years within the period 1998-2016. The basis for the reprocessing is Smit and ASOPOS (2012) with some modification for several stations as described in section 2. Details for the reprocessing of data from the first seven stations appear in Witte17a. Additional reprocessing, including for an eighth station, are given, along with ozone profile and column uncertainties in J. C. Witte et We summarize operating characteristics of all SHADOZ stations (section 2) and present the results in section 3. Section 4 is a summary.
Data and Methods of Analysis
SHADOZ and Other Ozone Instrumentation
The 14 SHADOZ sites ( Figure 1 ) launch two to four times per month mostly between 0800 and 1400 local time. Suite) on the NASA-National Oceanic and Atmospheric Administration (NOAA) Suomi-National Polar-orbiting Partnership from February 2012 to the present. In the latter period both OMI and OMPS overpass total ozone are used; there are more OMPS measurements because of post-2008 degradation in the OMI detector array. Not every sonde record is evaluated with the satellite because overpass data are screened for cloudiness greater than 60% and the satellite distance is limited to <200 km.
Reprocessed Ozonesonde Data
A summary and reference for the reprocessing of each station appears in Table 1 . Details for seven stations that were reprocessed at NASA/Goddard appear in Witte17a: Natal, Ascension, Irene, La Réunion, Kuala Lumpur, Hanoi, and Watukosek ( Figure 1 ). In Witte17a, comparisons of sonde total ozone for 1998-2015 with TOMS and OMI satellites are made with original (SHADOZ version 5.2) and reprocessed data to demonstrate improvements in the satellite-sonde offset. Also, in Witte17a midstratospheric ozone from the sonde profiles before and after reprocessing is compared to coincident Aura/MLS (Microwave Limb Sounder) data from September 2004 to 2015. Notable improvements appear between 65 hPa and 10 hPa for six of the seven stations. Since Witte17a was completed, we added all the 2016 reprocessed SHADOZ data to our seven-station reprocessing and completed reprocessing of Nairobi data (Witte17b). Witte17a has since reprocessed Costa Rica data in the same way. A transfer function, developed by Deshler et al. (2017) , was applied to the La Réunion data after 2007 to correct for a solution change. These data are now homogenized to an EnSci/0.5%, half buffer SST (Witte17b).
The four stations with data reprocessed by the NOAA ESRL/GMD Ozone group (Hilo, Samoa, San Cristóbal, and Fiji) used a 2.0% unbuffered SST with EnSci's for the 1998-2005 period, after which they switched to a 1.0% 1/10 buffer SST (Sterling17; Table 1 ). The 1998-2005 data have been reprocessed in the same way as the Watokusek data that are based on the EnSci/2.0% unbuffered SST (Witte17a). A transfer function based on Deshler et al. (2017) is applied to the San Cristóbal 1998-2006/11/02 data to convert ozone measurements made with a SPC/6A sonde to an EnSci/Z equivalent. This gives roughly a 4% increase in the ozone profile measurements.
Paramaribo data have been reprocessed by Royal Dutch Meteorological Institute (M. Allaart and A. Piters, personal communication, 2017) according to the O3S-DQA (Smit & ASOPOS, 2012) guidelines; where background currents required adjustment, the guideline of Newton et al. (2016) was followed.
Analyses: Tropopause and TTL Definitions
In the analyses that follow, we refer to the TTL and the tropopause, terms that sometimes vary from one study to another. The TTL is defined as a region in which both tropospheric and stratospheric properties are found in terms of constituent mixing ratios and temperature gradients, wave activity, radiative heating rates, and other thermodynamic quantities (Fueglistaler et al., 2009; Gettelman & de F. Forster, 2002) . We adopt 15-18.5 km for the TTL (Figure 3 ) that encompass the minimum and maximum tropopause values for tropical sites within 19°of the equator. This range is~1 km higher than Fueglistaler et al. (2009) . However, our TTL definition encompasses the locations of the tropical cold-point tropopause (CPT, Selkirk et al., 2010) , the thermal lapse rate tropopause, and the ozonopause, that is, an ozone tropopause defined as the height at which there is a sharp gradient in ozone concentration at the base of the stratosphere (Bethan et al., 1996; Sivakumar et al., 2011; T12) . We use the Bethan et al. (1996) definition for the tropopause. The values in Figure 3 are virtually identical for 10 stations, averaging 17.1 km, and there are few tropopause heights below 14 km.
Results and Discussion
Sonde Total Ozone Columns Compared to Ground-Based Instrument and Satellite Overpass Total Ozone
For the 14 stations Figure 4 shows a time series of integrated total ozone from the sonde (red) and the daily TOMS/OMI/OMPS overpass total. The order of the individual panels is west to east by longitude, starting at 180 W longitude. The satellite total ozone from TOMS appears in dark gray, OMI total ozone is in black, and OMPS total ozone is in silver. For nine stations (Table 1) total column ozone from a colocated instrument, a Brewer spectrometer, a Dobson, or SAOZ, is also shown in Figure 4 (blue). The bottom panel of each time series summarizes the ratio of sonde total ozone to the corresponding satellite overpass or ground-based measurement. At the right in each figure there is a histogram of offsets between the sonde total from the reprocessed data and the satellite (yellow). There are five stations without ground-based total ozone instruments: Ascension, Hilo, San Cristóbal, Costa Rica, and Fiji. For the nine stations with ground-based instruments, a histogram of the sonde total and the ground-based instrument ozone total (hatched in Figure 4 ) also appears in the right panel. Comparisons of total ozone from the ground-based instrument and the concurrent satellites appear in Figure 5 . In Figure 4 sonde and satellite comparisons display a high fraction of near-zero differences for every station except two data sets where the distribution peaks are skewed closer to +5% (Paramaribo) and À5% (Kuala Lumpur). All but two of the sonde-satellite discrepancies show the sonde total to be lower than the satellite (Table 3) , similar to prior SHADOZ satellite-sonde total ozone comparisons (T12; T03; T07; Witte17a).
Among the 14 stations all but Kuala Lumpur and Paramaribo have an average agreement with the satellite overpasses within 2% absolute or better (Table 3 , fourth column). This represents a significant improvement over the sonde data currently archived, as described in Witte17a (Table 4) , satellite and Dobson comparisons implied that the sondes were 5-7% too low (T07). Reprocessing improves the satellite agreement on average, from 1998 to 2016, to 0.9% mean difference (fourth column in Table 3 ). The Dobson total ozone also agrees well with the sonde TCO. This is seen in the histograms in the right panel of Figure 4a that display a relatively tight and Gaussian distribution of sonde-satellite (yellow) and sonde-Dobson (hatched) total ozone.
Referring to the bottom panel in Figure 4a , the sonde/TOMS ratio (1998 to late 2004) averages 0.97-0.98. There are other features to note with the Samoa data ( Figure 4a ). First, the sonde/Dobson ratio for 1998 to late 2004 is slightly higher than sonde/TOMS. This implies that TOMS total ozone is greater than the Dobson; that is consistent with the Dobson/TOMS ratio peaking at less than 1.0 in Figure 5a Figure 4b , right). The tail of negative values, corresponding to sonde lower than satellite, extends almost to À20%. However, the overall sonde-satellite difference is À1.2% (Table 3 , sonde lower). (Figure 4d, right) displays negative values to À20%, but the overall mean relative to OMI and OMPS is À0.2% (fourth column, Table 3 ).
The sondes at Paramaribo (Figure 4e ) represent the only reprocessed data set for which the sondes display markedly higher ozone than the satellites and the ground-based instrument for most the period 1999-2016. Paramaribo is the SHADOZ station with the second largest ground-based data set; the Brewer/satellite ozone ratios in Figure 5b are based on more than 5,000 coincidences. Comparisons of Brewer total ozone with the three satellites agree well; as for Samoa (Figure 5a ), the ozone from the ground-based instrument relative to the satellite varies among the three satellites at Paramaribo. TOMS has highest ozone (lowest ratio, yellow in Figure 5b ) with sonde/OMI somewhat higher than sonde/OMPS. In Figure 4e , between 2011 and 2014 there is an almost monotonic increase in the sonde/satellite ratios that disappears by 2015. These persistent positive ratios, interpreted in the past as signifying a bias at Paramaribo relative to profiles of the other nine tropical stations (Figure 13b The Natal record (Figure 4f ) displays several data gaps; the hiatus from 2011 to early 2014 was due to equipment malfunction, then obsolescence. As with the Pacific and South American stations (Figures 4a-4e) , agreement among sonde, satellites, and Dobson total ozone overall at Natal is very good (Table 3 ). The histogram of ratios (as percent offset) in Figure 4f (right) averages À1.7% for the composite satellite record (yellow); the Dobson appears to peak slightly lower (hatched in Figure 4f ), skewing more negative than the satellite-referenced offsets. Similar to the five stations discussed so far, there is a 2014-2016 dropoff in sonde ratios, consistent among OMI/OMPS and Dobson, at Natal (Figure 4f ), even though the instrumentation used at Natal differs from the other stations. The Natal time series during the (Figure 5c ) with all three satellite ratios peaking near 1.0.
The instrumentation, preparation technique, and data processing for Ascension (Figure 4g ) were the same as at Natal from 1998 to 2010 when the Ascension launches were suspended. Data from 2016 onward are provided by an Ensci/iMet combination instead of Lockheed Martin Sippican (LMS) with SPC ( Table 2 ). The sonde data at Ascension are fairly noisy, and much of the distribution of ratios is skewed to values <0.90 (more negative than 10% in the histogram in Figure 4g ). Low ratios are prominent in the beginning of the record, from 1998 to late 2001. After that, from the late TOMS to early OMI period, 2002 OMI period, -2008 , there is an increase in the factors, to a majority at >1.0. A short gap follows, after which the values drop to an average~0.95. After the longer gap, there is a tight clustering between 0.90 and 1.0 (histogram averagẽ À5%). The mean sonde-satellite offset is À2.4%.
There was a data gap of more than 4 years in Irene (Figure 4h ) largely due to equipment failure. The sonde/satellite and sonde/Dobson ratios are similar; this is also seen in the histograms in Figure 4h (right). Most satellite offsets (yellow in the histogram), range from À2% to +4% with the mean satellite-sonde offset 2.0% (sonde higher, Table 3 , fourth column). As with many sonde-satellite comparisons, the ratios in 1998-2001 in the TOMS period are mostly <1.0; this changes to mostly >1.0 in 2002, a value that applies for OMI comparisons in the remainder of the first time series and continues with the OMI and OMPS comparisons with sonde and Dobson from late 2012 to 2016. These variations are consistent with the statistics for satellite and Dobson coincidences at Irene (Figure 5d ). However, the Dobson/satellite differences are not large, similar to Natal (Figure 5c ), although at Irene, the ratio is slightly smaller for Dobson/TOMS than it is at Natal.
The Nairobi sondes (Figure 4i ) are in excellent agreement with the three satellites throughout the 1998-2016 period. The Nairobi histogram (Figure 4i , right) has the highest absolute number of comparisons between sonde and satellites compared to the other sites (scale up to 225). The peak is close to 1.0; the mean offset (Table 3) [2005] [2006] [2007] [2008] [2009] [2010] [2011] and are consistent with OMI total ozone being greater than TOMS, for which the Dobson ratio peaks slightly higher than 1.0, like Natal and Irene (Figures 5c and 5d ).
As described in section 2, the ozone record at La Réunion (Figure 4j ) represents further reprocessing since Witte17a. Agreement among the sondes, TOMS, and colocated SAOZ is consistent from 1998 to 2004 with ratios~0.95 or a mean sonde offset of À5%. During the OMI period from 2005 to 2010, most of the sonde ratios increase to an average~1.0. In 2011-2012, most factors are >1.0. After 2012 there is a slight dropoff, with a few ratios below 0.9. These variations, taken across the 1998-2016 period, lead to a mean offset of À0.9% for sonde-satellite (yellow in histogram, Figure 4j ) and sonde-SAOZ (hatched in histogram). In Figure 5f La Réunion SAOZ/satellite comparisons have a very high sample number, with ratios for all three satellites peaking near 1.0.
For Kuala Lumpur (Figure 4k ) from 1998 to 2012, fewer than 10 sonde/satellite ratios were >1.0, but in 2013, there is a jump to many more values >1.0. This is followed by a noisier record with factors both greater and less than 1.0 from late 2013 to early 2016. If it is assumed that the Brewer is a stable reference, the satelliteBrewer total ozone comparisons ( Figure 5g ) explain these changes. The Brewer/TOMS ratio indicates a higher satellite reading in 1998-2004 than the Brewer, so the sonde/satellite ratios (gray in Figure 4k ) are lower than for Brewer. For the OMI period (Brewer is lower than the satellite, Figure 5g (Figure 5g ) suggests measures more ozone than OMI, so many ratios fall to <1.0 (Figure 4k ). Sonde offsets from the three satellites average À5.5% (yellow histogram, Figure 4k) ; the Brewer histogram (hatched in Figure 4k ) follows the satellite but with fewer samples.
At Hanoi (Figure 4l , note the late 2004 start) there have been two Brewer instruments (Table 1 ). The first one spanned the beginning of the sondes in 2004 until 2012, but the noisy data are so divergent from the satellites that we have not used them. Only measurements from the second Brewer, with data from 2012 to 2014, are compared to the sondes; we note that the Brewer/satellite ratios (Figure 5h ) are much higher than OMI and OMPS and are outside the guideline for ideal Brewer-satellite agreement (Fioletov et al., 2008) . The bottom left panel in Figure 4l , as well as the small sample number in the histogram (hatched, at right), shows that sonde-Brewer coincidences are also infrequent. Sonde-satellite offsets average À1.2%.
The Hanoi sonde-satellite data across the OMI and OMPS period until 2014 are fairly consistent (not surprising with similar statistics relative to the Brewer, Figure 5h ). From 2014 to 2016 the sonde/satellite ratios are nearly all <1.0. The sonde-satellite histogram in Figure 4l has a long negative tail.
The SHADOZ data at Watukosek (Figure 4m ) are compared to a Brewer at Bandung, which is several hundred kilometers to the west and at elevation 740 m (Watukosek is 50 m). Watukosek is also frequently polluted near the surface by local sources (T12; T03). Many Brewer readings have been removed in the comparisons, for example, from 2009 to 2011, because they diverged >10% absolute from the satellite readings. However, those that remain give ratios to OMI and OMPS that are well centered about 1.0 (Figure 5i ). The sonde/satellite ratios (Figure 4m , bottom) also average close to 1.0. There is a mean À1.3% offset in the sonde-satellite histogram (yellow in Figure 4m , right, and Table 3 ).
Fiji has no ground total ozone instrument (Figure 4n) , and there are gaps of more than 2 years in the measurement record. For the TOMS and early OMI period, from 1998 to 2005 when the first gap began, sonde/satellite ratios typically fall in the range 0.95-1.0. As for most of the other SHADOZ stations, the sondes record more total ozone than the satellites during the mid- OMI period, 2007 OMI period, -2013 . In 2015 the ratios trend lower for both OMI and OMPS, particularly in 2016. The histogram for the satellite comparisons (right, in yellow) skews slightly negative, averaging 0.9% lower for the sondes (Table 3) .
Residual Discontinuities in Total Column Ozone Time Series
The discussion of ratios in Figure 4 show that for nearly all of the SHADOZ stations reprocessing has not completely resolved the systematic variability exhibited in the original data (Witte17a). In some cases, quite a bit of noise persists even though the mean TCO is closer to both satellite total ozone and ground-based instruments and is presumed to be more accurate than the original. Section 3.1.1, with satellite-ground-based sonde comparisons over three different satellites, suggests that variations among the satellite sensors (discussed in Witte17b), and perhaps unevenly calibrated Dobsons or Brewers, are two reasons for persistent discontinuities in sonde ratios after reprocessing.
Several additional factors may also contribute. First, there is inherent uncertainty in the ECC sonde measurement, which varies with altitude. This has been evaluated in Witte17b for reprocessed SHADOZ ozone profiles and for the column amounts. Second, the reprocessing prescribed in Smit and ASOPOS (2012) and Deshler et al. (2017) and applied in Witte17a, Witte 17b, and Sterling17 corrects only for variations in the ECC sondes and their operating characteristics. The impact of the many ECC sonde-radiosonde combinations (Table 2) used in SHADOZ has only partially been addressed. For example, additional corrections were made by Witte17a and Sterling17 to compensate for what are assumed to be incorrect pressure readings from iMet radiosondes (Stauffer et al., 2014) at five stations (Table 2) . Vertical dashed lines in Figures 4a, 4b, 4d, 4g , and 4n mark the first deployment of the iMet radiosondes at each station. However, these first-order corrections are not based on rigorous lab or field tests with ECC sondes. Looking at distinct changes in the sonde ratios after 2013, their coincidence with the iMet changeover is only straightforward for two data sets. One of those is for Fiji (Figure 4n ). The other discontinuity that coincides with iMet is at Ascension (Figure 4g ), although the last part of the LMS-SPC instrument combination (2009-2010) also displays sharply lower sonde ratios relative to the record up to 2009. At Samoa, there is a sharp dropoff in ratios at the start of the iMet period (2014 in Figure 4a ), but there are clusters with values >1.0 during 2015 and the latter part of 2016. At Hilo (Figure 4b ) the falloff in the ratio lags the iMet introduction by about a year; a similar delay is observed for Costa Rica (Figure 4d ).
Journal of Geophysical Research: Atmospheres
10.1002/2017JD027406
An additional factor in the residual discontinuity of sonde ratios could be the ECC ozonesonde itself. For the six stations using the iMet radiosonde, the coupling is to EnSci/DMT (Droplet Measurement Technology) ECC ozonesondes. This instrument may have been inadvertently modified in the 2011-2016 period as the manufacturer changed, first in 2012 when the original EnSci Corporation became part of Droplet Measurement Technology (DMT), followed by a shift to a new version of the EnSci Corporation in 2016. We tested this hypothesis for four stations that use the Ensci sonde and where the sonde ratio dropped after 2013: Samoa, Hilo, Costa Rica, and Fiji. Several operating characteristics of the sondes, for example, flow rate, background current, and total column ozone, were also examined as a function of the sonde date since 2006, (using the 2Z serial number to track the ECC). Most parameters appeared to be independent of time, except for a lower TCO amount at two stations ( Figure 6 ). Total ozone and the sonde/OMI (OMPS) ratio have dropped off~15% at Costa Rica since late 2015 ( Figure 4d) ; the relationship to serial number ( Figure 6 , left) suggests that something might have changed after No. 25000 but there is no clear cause when metadata are examined (this also agrees with findings by H. Vömel, private communication, 2017) . At Hilo (Figure 6 , right) there have also been a few anomalously low TCO values in 2016, after the 2Z #25000 period. However, analysis of instruments used at Samoa where sonde ratio falloffs after 2014 are observed (Figure 4a ), does not show similar behavior. No chamber tests have been carried out over the time of the evolving EnSci instrument. Field tests with the EnSci sondes and the current suite of radiosondes (iMet, RS92, RS41, and LMS) need to be conducted. Moreover, the residual discontinuity in sonde ratios with this first set of reprocessed SHADOZ data is a reminder that the current reprocessing guidelines do not systematically account for radiosonde instrument changes at long-term stations. Figure 7 summarizes mean total column ozone from TOMS-OMI-OMPS over each SHADOZ station in black (with ±1σ denoted by the bars). The mean sonde total column ozone value is in red, with the ±1σ range represented by the pink shading. Table 3 Table 3 , fourth column column. Table 3 ). By contrast, in T07 (Figure 8 ), sondes for 5 of the 10 stations were offset 5-10% from OMI. Witte17a showed that the greatest improvements in satellitesonde agreement are for Hanoi and Watukosek ( Figure 4l,m) ; this now applies to reprocessed Réunion, San Cristóbal, and Costa Rica data as well.
Summary of Reprocessed Data and Satellite Total Ozone
Partial Column Ozone Comparisons, TTL Ozone Structure, and the Tropospheric Wave-One
In prior analyses of SHADOZ column ozone amounts, we computed ozone column amounts within the stratosphere, troposphere, and TTL, along with the structure of the wave-one pattern in tropospheric ozone.
Updates to these analyses appear in Figures 8-10 . In some of the station-to-station comparisons, as in T12, we focus on the 10 stations designated as "tropical." The latter sites are distinct from four stations that are subtropical due to seasonally low tropopauses (Baray et al., 1998; Diab et al., 2004; Ogino et al., 2013) : Hilo, Irene, Réunion, and Hanoi. The tropopause heights in kilometers for the tropical sites are shown in Figure 3 , along with the TTL, here taken as 15-18.5 km or 130-70 hPa.
The stratospheric ozone column, depicted in Figure 8a , obtained by subtracting tropospheric column ozone from total ozone (Table 3) , includes the climatological add-on amount above balloon burst. Except for Paramaribo, the other nine tropical stations display a mean of 229 ± 3.9 DU. The relatively small 1σ values shown in Figure 8a represent a significant improvement in data consistency for several stations compared to earlier SHADOZ climatologies (T03; T07; T12). For example, in the first compilation of stratospheric ozone (Table 3 , header 7, in T03) the Natal 1σ amount was 9% and in T12 (Table 4 ) it was 7.5%. This has been reduced to 5% after reprocessing (Figure 8a ). There are also absolute percentage changes of this order from T07 (Table 4 ) compared to the reprocessed data for San Cristóbal, Ascension, Watukosek, and Fiji. In summary, reprocessing has reduced stratospheric column ozone variability (i.e., standard deviation) to 5%. The TCO variability has improved accordingly. Inspection of the ranges and sonde averages (pink edge and red circles in Figure 7 ) shows that they vary from 4 to 6%.
The TTL column for all 14 SHADOZ stations ( Figure 8b ) only shows two prominent outliers, Hilo and Irene (numbered 2 and 8, respectively), not surprising because of their subtropical character and expected higher ozone content. They share some of the highest outliers as does the subtropical Réunion station (labeled 10 in Figure 8b ). However, Hanoi, also subtropical, does not stand out from the other tropical stations.
A major finding from the SHADOZ data, as described in Thompson, Oltmans, et al. (2011) and was the isolation of the "wave-one" pattern in total ozone first described by Fishman and Larsen (1987) and Shiotani (1992) (cf. Figure 4 of Kim et al., 1996) . For tropical latitudes, the wave-one refers to 10-20 Dobson units (DU) more column ozone over the Atlantic and eastern Africa, a maximum relative to the central western Pacific ozone minimum. The SHADOZ observations from 1998 to 2000 demonstrated that because there are no statistically significant differences among column-integrated stratospheric ozone over the individual tropical stations (as in Figure 8a and Table 3 ), the additional ozone must reside in the troposphere. These findings apply to the reprocessed data from 1998 to 2016 where detailed statistics, in the form of a box-and-whisker plot (Figure 8c ) for the 10 tropical stations, are presented. Although Figure 8c does not display station locations realistically, noting from Figure 7 that the wave-one maximum lies between Natal and Ascension, the wave magnitude can be approximated. Based on the data in Figure 8c , the mean tropospheric ozone maximum is~38 DU. The eastern Indian Ocean-to-Pacific minimum (Figure 8c ) extends across four stations from Kuala Lumpur to Samoa, where the range of tropospheric column ozone is 22-26 DU. Taking the mean tropospheric column ozone of 24 DU to represent the zonal minimum, the tropical wave magnitude is estimated as 14 DU. This is the same as estimated in T12.
A cross section of mean TTL mixing ratios, from 15 to 18.5 km, based on 0.25 km averages (Figure 9a ), captures nearly uniform ozone mixing ratios above the nominal tropopause (> 17 km) with distinct zonal variations below 16 km. Viewed on a seasonal basis (Figures 9b and 9c) , the zonal gradients are more pronounced. In March-April-May (MAM in Figure 9b ), a highly convective time of year at most tropical sites, the zonal gradients across 15 km are greater than 50%. The same holds when subsidence and pollution impacts in the UT are strongest between Paramaribo and Nairobi (eastern South America to east Africa) in September-October-November (SON in Figure 9c ).
Seasonal variations in tropospheric ozone, as in the TTL, cause the wave-one magnitude to vary over the year ( Figure 10 ). As in Figure 10 indicates that the wave-one is a minimum when most tropical stations are convectively active (MAM). The maximum wave amplitude is observed in SON when there is greater subsidence and pollution sources in the mid-troposphere from Southern Hemisphere biomass fires (T12; Thompson et al., 1996) .
Tropical Station-to-Station Bias
Our prior studies of station-to-station bias focused on the stratosphere because, as Figure 8a implies, the total stratospheric ozone column for the tropical stations is uniform within statistical significance. A mean tropical ozone profile from surface to 10 hPa has been calculated from the 10 most equatorward stations (seasonal means in Figure 11 ). Note that in Figure 11 the variability of two seasons, DJF (December-JanuaryFebruary) and JJA (June-July-August), is greater than those of MAM and SON (larger 1σ standard deviations, denoted by gray shading) in the troposphere and also near the stratospheric peak. The high variability suggests that it may be difficult to compute reliable trends in the TTL except in SON when ozone is a maximum and in MAM when ozone is a minimum (T03).
When the mean profile for each tropical station is referenced to an all-tropical profile average based on Figure 11 , the offsets illustrated in Figure 12 are obtained. Results for the three regions, eastern Indian Ocean to Pacific (labeled as W. Pacific in Figure 12a ), eastern Pacific (Figure 12b ), and Atlantic plus Nairobi (Figure 12c ), are shown separately. It is assumed that above the region marked TTL, stratospheric ozone is zonally invariant and that deviations from 0 signify bias. All the offsets in Figure 12 except for Fiji (blue in Figure 12a ) and Ascension near the TTL (red in Figure 12c ) are 10% absolute or less. The higher ozone over Fiji below 40 hPa is likely due to subtropical characteristics, perhaps mixing of tropical and midlatitude air, In Figure 12c Nairobi is nearly on the zero line, whereas it had a 5% high bias in T12. This is because reprocessing increases stratospheric ozone at many stations (Witte17a). Paramaribo is consistently high (green in Figure 12c ) as in T12. Natal is nearly unchanged from T12, and Ascension is slightly more negative (red and blue, respectively, Figure 12c ).
Summary
The first set of reprocessed data from 12 SHADOZ stations (1998-2016) and 2 stations (2004-2016) with records covering at least a decade are evaluated in three ways. First, total ozone from the sondes is compared to satellite overpass total ozone from the three BUV-type instrument series that cover the SHADOZ period, EP/TOMS up through 2004, and the operational OMI (since September 2004) and OMPS, since February 2012. Total ozone column coincident with the sondes are also compared to colocated ground-based instruments at nine stations. The main findings are as follows:
1. Reprocessing leads to more consistent total ozone records within a given station except for Paramaribo, which is currently being reprocessed again. 2. Offsets between sonde total ozone and ozone from the satellite series are greatly improved relative to T07 and T12. Two stations register mean absolute sonde-satellite disagreements of 5% absolute; all others are within ±2%. The same applies to sonde TCO agreement with nine colocated ground-based instruments. 3. Although TCO from the sondes, satellites, and ground-based instruments agree better after reprocessing, there is still unexplained noise in most time series of ratios and clear discontinuities when the sonde TCO is compared to the satellite record. The two prominent features are (1) the sonde/satellite TCO record seems to vary among the satellites with TOMS v8 TCO running higher (lowest sonde ratio) than the first 5-7 years of OMI (higher sonde ratio) before the sonde ratio drops during the OMI-OMPS era, and the pattern is confirmed through comparison of the satellite and ground-based instrument TCO; (2) the second discontinuity is observed after 2012-2014 at eight stations with the sonde ratio dropping relative to OMI, OMPS, and, where applicable, the local ground-based instrument. This suggests that something is shifting in the sondes. Radiosonde changes appear to play a role at several stations, and changes in the ECC sonde can be detected at Costa Rica and Hilo. However, the statistics for the post-2012 drop in sonde ratio are limited compared to a 19 year record for most SHADOZ stations. These patterns are being investigated further. Possible ECC sonde issues will be addressed in JOSIE-type chamber tests in the near future.
The second analysis of the reprocessed data examined three partial column amounts for 10 tropical stations, defined as within 19°latitude absolute: stratospheric ozone, tropospheric ozone, and ozone in the tropical tropopause layer (TTL). As in our prior comparisons (T12; T03; T07) the stratospheric column was zonally invariant except for slightly elevated amounts over Paramaribo. In addition, 1. The TTL column amount is also invariant across the 10 stations (9 ± 1 DU), and two subtropical stations, Réunion and Hanoi, display nearly the same value. However, there is considerable zonal structure below 17 km at all times of year, with strong vertical gradients over the western Pacific and eastern Indian Ocean. These features are not well resolved by profiling satellites, which argues for caution in trends based on satellite data below 70 hPa. 2. The tropospheric wave-one feature first characterized with SHADOZ data from nine stations is better delineated with the addition of Costa Rican data. The mean amplitude of the wave is 14 DU. 3. Reprocessing has reduced the standard deviation of stratospheric and total column ozone at SHADOZ stations to 5%.
Third, using mean profiles, we examined midstratospheric bias given that the stratospheric column appears to be zonally invariant among the 10 tropical sites. At all but two stations the bias above 70 hPa has improved relative to the T07 and T12 analyses; the mean for all stations is less than 10% absolute. This demonstrates that key elements in reprocessing procedures, using appropriate pump corrections, applying transfer functions, screening for anomalous background currents, and, in general, applying corrections that account for known biases in the ozonesonde system indeed homogenize SHADOZ data. The results underscore the need for complete metadata in archived sonde records.
Satellite-based tropospheric ozone products and models suitable for exploring complex variability in the tropics are still in development. Given the improvements quantified in this study, we expect reprocessed SHADOZ data to become a standard reference for evaluating new satellites, emerging tropospheric ozone products, and assessment model simulations and for detecting satellite drift. In addition, the seasonal and longitudinal variations in TTL ozone structure observed in SHADOZ data, as well as our classification of tropospheric profiles by self-organizing maps (Jensen et al., 2012; Stauffer et al., 2016) , suggest that more attention be given to tropical satellite retrievals below the stratosphere. In the TTL critical interactions take place among ozone, water vapor, temperature, and dynamics; in the free troposphere ozone mediation of OH determines atmospheric lifetimes for myriad species. 
